Tropospheric ozone (O 3 ) concentration has been increasing. The aim of this study was to compare the effect of O 3 exposure on monoterpene emission rate and the components of Japanese cedar (Cryptomeria japonica) between three major gene pools identified by population genetic structure analysis. At the O 3 -FACE (Free-Air O 3 and CO 2 Enrichment) facility, 1-year saplings of three clones of Japanese cedar (Donden, Kawazu, and Yakushima) were exposed to ambient double concentrations of O 3 . After 15 months of O 3 exposure experiment, monoterpene emission characteristics were evaluated by branch enclosure method using cutting samples of current-year leaves. Basal biogenic volatile organic compound emission rate (E s ) was higher in the O 3 exposure plots, and two-way analysis of variance revealed an effect of the O 3 exposure ( p < 0.05) and an interaction between the O 3 exposure and clone ( p < 0.05). Especially, high E s values were observed in the Yakushima after the O 3 exposure. In addition, the coefficient β related to temperature sensitivity increased in the O 3 exposure plots ( p < 0.05). Our findings supported the fact that there are large inter-clone variations in C. japonica. It is important to evaluate the differences in clones considering the genetic diversity and to clarify the mechanism of the differences after long-term moderate O 3 exposure.
Differences in monoterpene emission characteristics after ozone exposure between three clones representing major gene pools of Cryptomeria japonica

Introduction
Recent studies have reported that the level of tropospheric ozone (O 3 ) concentration has been increasing (e.g., Komatsu et al., 2015) . Long-term exposure of moderate O 3 concentrations affects plant carbon allocation, photosynthetic rate ( Kitao et al., 2015) , stomatal conductance ( Hoshika et al., 2015) , and biogenic volatile organic compound (BVOC) emission characteristics ( Tani et al., 2017) . BVOCs play a central role in atmospheric chemistry. For example, some studies have described the importance of atmospheric aerosols (photooxidation products of BVOC) to global radiation budget, cloud formation, human health, and ecosystem ( Kulmala et al., 2013; Tani, 2017) .
There is a scarcity of studies on long-term O 3 exposure experiments, especially in coniferous trees. Total monoterpene and isoprene emission from Ginkgo biloba was reported to increase under elevated O 3 ( Li et al., 2009) . Similar increases in monoterpene emissions were also reported in Pinus sylvestris (Heiden et al., 1999) . In contrast, Mochizuki et al. (2017) reported that elevated O 3 had no effect on the total monoterpene emission rate of hybrid larch F 1 (Larix gmelinii var. japonica L. kaempferi). These reports suggest there are large interspecific variations. However, the inter-clone variations of the effect in the same species have not been evaluated yet.
Japanese cedar (Cryptomeria japonica) is the largest afforestation tree species (about 4.5 million ha) that accounts for 44 of planted forest area in Japan. In addition, it is reported that the monoterpene emission rate of C. japonica is moderate among monoterpene emitters ( Okumura et al., 2013) . Hence, C. japonica is the major source of BVOCs in Japan. If the increase in O 3 concentration has an effect on increasing the BVOC emission rate of C. japonica, this effect may cause a positive feedback effect to accelerate the increase in O 3 concentration because BVOC itself is a precursor of O 3 . Therefore, it is important to evaluate the influence of the increase in O 3 concentration on the BVOC emission characteristics of C. japonica, including the inter-clone variations.
C. japonica grows naturally from the northern tip of Honshu to Yakushima, the southern island of Japan, and several natural populations exist in each region ( Kimura et al., 2013) . There are few studies on BVOC emission from C. japonica in Japan ( Matsunaga et al., 2013; Okumura et al., 2013) . However, the genetic background of each sample has not been clearly elucidated, and there is a possibility that clones in the same gene pool has been used as samples for comparison. In the present study, we used samples representing three major gene pools (the Japan seaside populations, the Pacific Ocean side populations, and the isolated populations of the Pacific Ocean side populations in Yakushima Island) based on the population genetic structure analysis using a core collection ( Tsumura et al., 2014; Uchiyama et al., 2014) .
The growing period of the needle leaf of C. japonica is influenced greatly by the position of the branch and the light environment, and the composition ratio of the current-year leaf and 1-year leaf greatly differs from 0 to 100 for each branch ( Sakimoto and Hirayama, 2002) . C. japonica forms one spindle-shaped shoot per year because each shoot grows long needle leaves in summer and short needle leaves in spring and autumn repeatedly every year. In addition, the current-year leaves of C. japonica are dark green and soft. Therefore, it is possible to sample current-year leaves separately from yellowish green, and hard 1-year leaves. Our preliminary analysis suggests that mean basal BVOC emission rates (see details of methods in the following section, 2. , mean SD; n = 4, p < 0.05, Student's t-test) of C. japonica. However, in several studies on basal BVOC emission rates of evergreen trees, the mixed ratio of current-year and 1-year leaves for each branch was ignored. In the present study, we used only current-year leaves growing from the end point of 1-year leaves of each branch for an accurate evaluation of the differences between clones after long-term O 3 exposure.
Furthermore, there is a problem that the coefficient of determination of the relational formula between leaf temperature and BVOC emission rate decreases greatly in the measurement of BVOC emission rate of C. japonica, especially in summer ( Okumura et al., 2013) . They assumed the low coefficient was caused by the irregular emission from the injured leaves in summer since they are too soft to measure the BVOC emission rate accurately in the field. In case of tightening the stem of the branch to the branch bag and continuous observation with wind conditions in the field, the soft leaves emit high BVOC amount from damaged organs in our preliminary measurement. Mochizuki et al. (2011) reported that the highest monoterpene emission from C. japonica reached 1.7 times as much as the normal emission rate after vibration. These results suggest effect of the wind is not negligible in the monoterpene emission measurement of C. japonica.
In addition, a limited temperature range in the field measurement condition might be a reason for the inaccurate measurement ( Matsunaga et al., 2011) . We used a modified method for the indoor experiment using an incubator in this study to estimate reliable basal BVOC emissions rates of current-year leaves.
In O 3 exposure experiments, the growth chamber method using pot seedlings is often used to evaluate the effect of short-term O 3 exposure (e.g., Nishimura et al., 2014) . However, the pot effect influences this method ( Poorter et al., 2012) , and it is difficult to evaluate the influence of long-term O 3 exposure. Therefore, we conducted O 3 exposure experiments using the O 3 -FACE facility with ground-grown saplings. The purpose of this study was to evaluate the differences in the effect of long-term O 3 exposure on BVOC emission between three clones of C. japonica with our modified experimental methods. Kitao et al., 2015) . This facility was originally designed for fumigation using O 3 (twice-ambient) and CO 2 (550 μmol mol 1 ) to assess the effects on the tree growth. In this study, there was no elevation of CO 2 concentration and we used only the O 3 fumigation system. To reflect the characteristics of the seasonal and daily variation in O 3 concentration, the O 3 concentrations inside and outside of FACE were monitored continuously by an O 3 analyzer (EG-3000F, EHARA, Japan), and the flow rate of O 3 generated by an O 3 generator (PZ-1C, KOFLOCK, Japan) was controlled by the automatic feedback system. FACE had 12 experimental plots (3 3 2.5 m), and six plots (O 3 ) of O 3 concentrations (Plots A3, A4, B3, B4, C3, and C4) were elevated. The remaining six plots (Plots A1, A2, B1, B2, C1, and C2) were control plots (C) under ambient O 3 concentration. Four stands of sapling per clone were planted in each plot in April 2016.
Site and methods
Site description
This study was conducted as a part of our research project that aims to clarify the O 3 tolerance mechanism of C. japonica. In the project, we plan to perform integrated analysis using various measuring data such as climatic environment, growth of trees, photosynthetic rate, stomatal conductance, chlorophyll fluorescence reaction, gene expression, and enzymatic activity related to active oxygen scavenging system (e.g., superoxide dismutase, catalase, and ascorbate peroxidases).
Methods 2.2.1 Samples
In the FFPRI, clones of C. japonica are collected from natural populations of all over Japan. Using the collection, the following two major gene pools have been identified in the natural populations by performing genetic structure analysis ( Tsumura et al., 2014) : the Japan seaside (Ura-sugi) populations and the Pacific Ocean side (Omote-sugi) populations. In the Pacific Ocean side populations, the gene pool in Yakushima Island has especially large genetic differentiation because of the geographical isolation. Thus, Donden-562 (Donden, Ura-sugi in the main island), Kawazu-8 (Kawazu, Omote-sugi in the main island), and Yakushima-4 (Yakushima, Omote-sugi in Yakushima Island) were selected as clones representing three gene pools. In April 2015, cuttings were collected from the upper canopy of mature mother trees and were grown for 1 year in the green house in FFPRI. The 1-year young trees were planted in April 2016. O 3 exposure experiments were conducted from May 2016 until August 2017. Six trees were used as replicates for each treatment. To prepare samples of the same O 3 exposure period, we sampled only current-year leaves growing from the edge of 1-year leaves (approximately 100 mm length, 0.5 -1.0 g dry weight) and compared the effect of long-term O 3 exposure between the plots using standardized parameters in the model described in the next section.
G93 algorithm
The BVOC emitted from C. japonica is primarily monoterpene. We focused on the emission of seven compounds of monoterpene [ sabinene, β-myrcene, α-pinene, d-limonene, 3-carene, β-pinene, and t-β-ocimene in Model of Emissions of Gases and Aerosols from Nature (MEGAN, Guenther et al., 2006) ] . These seven monoterpenes have significant activities in atmospheric chemistry and emission on a global scale. The first four compounds are the primary monoterpenes of C. japonica. MEGAN is a most widely used global emission model based on the G93 algorithm ( Guenther et al., 1993) . The G93 algorithm is an empirical model of monoterpene emission with leaf temperature as an independent variable. Monoterpene emission rate (E) can be expressed by the following formula:
where, E and E s (μg g 1 h 1 ) represent the measurement value of the monoterpene emission rate and estimated value of the basal emission rate at the standard temperature (30 C), respectively. T and T s ( C) represent the measured and standard temperature, respectively. The coefficient β ( C 1 ) is an empirical coefficient that can be determined by measurement. In this study, we compared the characteristics of BVOC emission with E s and β values. Eq. (1) can be modified as follows:
β and ln E s could be calculated as the slope and the intercept at y-axis of the regression line in eq. (2). Fig. 1 shows a sample of the relationship between T T s and total monoterpene emission rate (ln E) of C. japonica.
Branch enclosure method
The branch enclosure method ( Tani and Kawawata, 2008) , the open chamber technique, was used for the measurement of BVOC emission from the cutting needle leaves of C. japonica (Fig. 2) The inside and outside air temperatures of the branch bag were monitored using a thermistor (TR-52, T and D, Japan).
In the general branch enclosure method for field measurement, needle leaves are inserted to the branch bag and the middle part of the needle leaves are sealed tightly at the end of the branch bag using thin strings. In many cases, leaves touch the inside of bag, and rub under windy condition. When needle leaves were sealed tightly or fixed under windy conditions, irregular monoterpene emission occurred occasionally. We sampled the fresh small needle leaves and enclosed them in the branch bag to avoid the irregular monoterpene emission in our measurement. The samples were supplied water using the water-supplying grass bottle (10 mL filled with distilled water for water supply). The mouse of the bottle was sealed with wet soft paper carefully. We fixed the water-supplying bottles on the base plate in the branch bag to prevent the needle leaves from touching the inner surface of the branch bag.
The cold surface of the water-supplying bottle could be a cold trap of monoterpene in the branch bag. The outer surface of the water-supplying bottle was covered with an insulation material to insulate the temperature of cold water. The emission of terpenes from the measurement system was not detected in the blank test.
The sample leaves were carried to the laboratory within 10 min after sampling at the O 3 -FACE. The coefficient of determination ) in eq. (2) of the fresh sample was the highest in our preliminary experiments. It was reported that the temporally increased monoterpene emission rate after disturbance returned to normal level within 20 min in continuous measurement of C. japonica . In the laboratory, we cooled the samples in an incubator (Espec, PU-3KT, W600 H850 D800 mm) at 5 C for 60 min for the stabilization of monoterpene emission rate before measurement. The air temperature in the incubator was increased by 5 C between 5 C and 30 C. We measured the BVOC emission rate within 10 min at each temperature stage and calculated the E s and β values. Okumura et al. (2013) evaluated the effect of light intensity on monoterpene emission rate of C. japonica; the rate did not correlate with light intensity. Therefore, the measurement was conducted under dark condition in the incubator.
ATD-GC/MS analysis
The sampling tube was mounted on an automated two-stage thermal desorber (ATD:TD-100, MARKES International, UK), heated at 280 C for 10 min, and then the BVOCs were desorbed and reconcentrated into a thin cold trap part and cooled to 10 C. Thereafter, the cold trap part was heated rapidly to 300 C, and the desorbed BVOCs were introduced into a capillary column (DB-5MS, 60 m 0.25 mm, 1 μm, Agilent Technology, USA) settled in a gas chromatograph mass spectrometer (GC-MS:7890B (GC), 5977A (MSD), Agilent Technology, USA). Helium gas was used as carrier gas for the GC. An internal standardization method was applied using toluene-D8 (1.0 ppmv, Sumitomo Seika, Japan). The column was maintained at 35 C for 5 min and then heated to 200 C at 5 C min 1 and then to 250 C at 10 C min 1 . The split ratio was set to 1 : 17.7 with a one-stage splitting. Calibration curves having five points for each monoterpene were prepared using sampling tubes and ATD-GC/MS. The sampling tubes for calibration were prepared by spiking the liquid samples as standard. For the analysis method, we followed the methods of Tani et al. (2002) and Okumura et al. (2008) .
Statistical analysis
The statistical significance between treatments, between clones, and their interactions was analyzed using analysis of variance (ANOVA) using the Origin Pro 8.1J (Originlab, USA) program for Windows. Two-way ANOVA was used to investigate the statistical differences between treatments, clones, and their interactions. When a significant difference was observed in the ANOVA tests, the Bonferroni multiple range test was applied to identify the significant differences between treatments and individual clones. The number of samples in each treatment was six (n = 6). Table 1 shows the E s and β values of each plot estimated by the measured data. Fig. 3 , mean SD, n = 6). In addition, there was significant difference between the O 3 exposure group of the Yakushima and others ( p < 0.05).
Results and discussion
Basal emission rate (E s )
These results suggest the mean E s values of the Yakushima are not originally higher than those of other clones. However, Mochizuki et al. (2017) reported that the elevated O 3 concentration did not significantly affect the emission rate of total monoterpenes of the hybrid larch F 1 (Larix gmelinii var. japonica L. kaempferi). Similarly, there were no significant effects of O 3 on BVOC emission in Aleppo pine (Pinus halepenis) (Penuelas et al., 1999) . In contrast, significant increases in monoterpene emissions were reported in P. sylvestris (Heiden et al., 1999) and Ginkgo biloba (Li et al., 2009 ). We could not find a report on the effects of O 3 exposure on C. japonica, except for short-term acute effects ( Nishimura et al., 2014) . Considering these findings on long-term O 3 exposure experiments, monoterpene emission from needle leaves might be stimulated by long-term O 3 exposure with large species-dependent variations.
In addition, our findings supported the fact that there are also large inter-clone variations of C. japonica. Yazaki et al. (2015) reported that O 3 exposed clones decreased needle length and increased stomatal density. The increase in the number of stomata as the pass way of monoterpene could increase E s directly. Thus, the increase in emission of terpenes after long-term O 3 exposure might be related with the change in stomatal density, especially in the Yakushima.
Long-term biochemical and physiological acclimation is strongly associated with alteration in gene expression, analysis of which could be an effective technique for a highly accurate future estimation of BVOC emission after rising O 3 concentrations. However, these variations within the same gene pool and seasonal variations have not yet been evaluated; thus, further studies are needed. Fig. 4 shows a comparison of the mean coefficient β values between the plots. Coefficient β is a parameter that reflects an increase in the rate of monoterpene emission due to temperature rise. β in the control groups of the Donden, the Kawazu, and the Yakushima was 0.049 C Okumura et al., 2013) . The β value in the field measurements might be higher because it is calculated based on a smaller temperature range than in an indoor incubator measurement. β in the O 3 -exposed groups of the Donden, the Kawazu, and the Yakushima was 0.070 C There was no significant difference in the mean value among each clone between the control and the O 3 -exposed plots. On the other hand, a significant difference (p< 0.05) was found between the mean β value in the control plots (0.047 C , mean SD, n = 18). This result indicates the sensitivity of monoterpenes emission to temperatures was increased after the O 3 -exposure. To our knowledge, there is no published report about increase of β measured under wide temperature conditions (5 C -30 C) after long-term O 3 exposure experiment. The reason behind the increase in β in the O 3 -exposed groups might be caused by the change in the structure of the plant cuticular waxes of needle leaves. The resin canal is the storage organ of monoterpenes in a needle leaf. There are two pathways between the resin canal and ambient. One is a stomata and the other is a cuticle of the needle leaf. In general, the monoterpenes in leaves are sealed with the layered structure of plant wax as a barrier. However, it was demonstrated that the cuticular water permeance increases by up to three orders of magnitude after removing the wax layers (Schönherr, 1976) . Monoterpenes emission rate from the cuticular and the sensitivity of the emission to the temperature Error bars indicate standard error (n = 6). Asterisks indicate statistical differences ( p < 0.05) analyzed by ANOVA. Enriched ozone plots controlled the concentration to twiceambient. There were significant differences (p < 0.05) between Yakushima clone in enriched ozone plots and another. Error bars indicate standard error (n = 6). Asterisks indicate statistical differences (p < 0.05) analyzed by ANOVAs. n.s.: not significant. might increase if the wax layers are degraded. Jetter and Riederer (2016) reported that the sealing properties of the cuticular were not correlated with the absolute wax amount and thickness of wax layers, but it is maintained by the existence of the layer containing very long chain fatty acid. Barnes et al. (1988) investigated the effect of O 3 fumigation on the condition of the epicuticular wax of Norway spruce using scanning electron microscopy (SEM). They showed O 3 exposure accelerates structural degradation of the epicuticular wax. The process of the degradation is characterized by the destruction of the crystalline structure in the wax layer, consisting of a delicate and intricate network of fine tubes of fatty acid. The destructed fatty acid layer after O 3 exposure might have low sealing properties under low temperature condition. However, the change in the structure in wax layer is not confirmed using SEM in our O 3 -exposed experiment; therefore, further investigation is needed. Fig. 5 shows the weighted average composition ratio of the monoterpenes in each clone of six plots emitted at 30 C temperature condition.
Coefficient ㌼
Composition of monoterpenes
Regarding the difference between the clones in the control plots, the major monoterpene components of the Donden and the Yakushima were sabinene, β-myrcene, and d-limonene, and the composition was similar to each other. On the other hand, the proportions of d-limonene, β-myrcene, α-pinene, β-pinene, and 3-carene were higher in the Kawazu than in the other clones. Therefore, while the composition ratio of sabinene of the Donden and the Yakushima was 75 or more, that of the Kawazu was as low as about 25 . It is noteworthy that the Kawazu and the Yakushima belong to same population; however, the Kawazu has a unique composition ratio. These results suggest the characteristics of composition in monoterpene cannot be classified by the difference in the Japan seaside (ura-sugi) populations and the Pacific Ocean side (omote-sugi) populations.
Comparing the control plot with the O 3 exposure plot, no significant differences in composition were observed for the Donden and the Yakushima. However, in the Kawazu, the composition ratio of sabinene increased from about 25 to about 50 , and the composition ratio of monoterpenes decreased. Hewitt et al. (1990) reported that monoterpene acts as an antioxidant products for leaves. In particular, highly reactive monoterpenes play an important role as scavenger of O 3 and excess reactive oxygen species in leaves. Recently, Mochizuki et al. (2017) reported that abundance of highly reactive monoterpenes of hybrid larch F 1 (Larix gmelinii var. japonica L. kaempferi) were lower than β-pinene, which had low reactivity in O 3 exposure experiment. They believed this was because of the highly reactive monoterpenes might be decomposed and exhausted within leaves of hybrid larch by O 3 .
In our experiment, there was almost no change in components of monoterpene in the Donden and the Yakushima by O 3 exposure. The lifetimes of sabinene and β-pinene are calculated as 2.0 and 11.5 h in the atmosphere, respectively ( Mochizuki et al., 2017) . A shorter life time means higher reactivity. However, the abundance of β-pinene was decreased and that of sabinen was increased after O 3 exposure in the Kawazu.
The difference between the results of previous studies and those of ours might be because of the difference in the structure of sample leaves. The resin canal of Cryptomeria is at the center of the needle leaves, but that of the Larix is very close to the surface of the needle leaves. The decomposition and exhaustion of highly reactive monoterpenes might be occurred at the resin canal in only hybrid larch. In addition, our results suggest that only sabinene synthesis might be enhanced by O 3 exposure in the needle leaves of the Kawazu. The increase in sabinene synthesis might be one of the factors of O 3 tolerance in C. japonica; thus, further investigation of the process of gene expression is needed.
Conclusion
The basal monoterpene emission rate (E s ) of C. japonica increased with long-term O 3 exposure. Among the three clones (Donden, Kawazu, and Yakushima), the Yakushima showed greatly increased E s values upon long-term O 3 exposure. In the control plot, there were no significant differences between the clones. The composition of monoterpenes was significantly different in the Kawazu compared to that of the other two clones. In addition, the proportion of sabinene in the Kawazu increased about twice upon long-term O 3 exposure. The coefficient β was increased significantly by O 3 exposure. The reason behind low sealing properties might be the destruction of the structures of plant wax on needle leaf by O 3 exposure. These results suggest inter-clone variations have a large potential difference in the BVOC emission characteristics after long-term O 3 exposure. Our study revealed the diversity of the effect of O 3 exposure on monoterpene emission in C. japonica. It would be effective to evaluate the characteristics of individual clones based on linkage mapping for a high-precision future estimation of large-scale BVOC emission in Japan.
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